IN RECENT YEARS, NEUROPHYSIOLOGICAL techniques such as transcranial magnetic stimulation (TMS), H-reflex, and V-wave have been used to study the neural adaptations to strength training over a period of 3-14 wk (e.g., 1, 3, 7, 9, 15, 17, 18, 23-26, 32, 48 ; for reviews, see 2, 10, 19, 20) . Despite a considerable body of work, uncertainty remains regarding the nature of neural changes that underlie increases in forcegenerating capacity. One idea that could provide a useful framework to resolve this uncertainty is that strength training shares similar neural mechanisms with some forms of motor learning (8) . That is, if a change in the central nervous system (CNS) is to enhance strength, it must act by increasing the activation of muscles that contribute to torque in the desired direction (i.e., agonists or synergists), or by reducing the activation of muscles that oppose torque in the desired direction (i.e., antagonists). Thus the CNS responses to strength training might be analogous to a process of "learning" to optimize muscle activation patterns to enhance torque production in the desired direction (e.g., 6, 11) . Given that the CNS rapidly adapts to a wide range of motor learning protocols, it is possible that details of the long-term neural adaptations to strength training might be revealed after a single training session through approaches that have been employed in certain motor learning contexts.
It is now known that the primary motor cortex (M1) is involved in the early phase of many forms of motor learning in humans (e.g., 28, 37) . Evidence of adaptations within motor cortex that share characteristics with motor learning (e.g., the retention of a newly acquired skill) have been found in response to repetitive practice of simple movements, such as ballistic movements of the digits (e.g., 13, 34) . To improve performance in ballistic tasks, the CNS must maximize drive to the muscles that assist the desired movement and/or prevent drive to antagonists muscles. This outcome could be brought about by changes in the synaptic inputs that influence the responsiveness of the corticomotoneurons. The synaptic mechanisms that underlie adaptations in M1 to this type of practice are thought to resemble long-term potentiation (LTP) (41, 42) , and are observable after a single session of training (49) . A powerful experimental paradigm that has been used to infer cortical adaptations after ballistic training is to assess the muscle's twitch response to TMS. When a ballistic thumb movement is repeated in a direction opposite to that of twitches evoked by TMS at baseline, posttraining TMS-evoked twitch direction shifts toward the training direction. The effect lasts for several minutes before returning to baseline (5, 12, 13, 30, 47) . While TMS-evoked twitches are potentially amenable to adaptation occurring at subcortical levels, there is converging evidence that cortical contributions to the effect are considerable (5, 13) . Thus an early indicator of neural adaptation to a ballistic movement is represented by a change in the direction of TMS-evoked twitches.
A change in the direction of TMS-evoked twitches may also occur after a single session of strength training if similar neural processes to ballistic motor learning are involved. A rapid neural change identified in this way might contribute to longitudinal neural adaptations that ultimately enhance strength. Here we sought to investigate whether a single session of strength training involving a typical number of sets and repetitions induces changes in the direction or magnitude of the twitch responses evoked by TMS. Three types of training, each involving maximal isometric contractions, were studied to provide information regarding the key behavioral drivers of adaptation that are common to strength training. (i.e., rate of force development and contraction duration). Since ballistic movements are known to induce directional changes in TMSevoked twitches, one training condition required participants to generate maximal isometric force as rapidly as possible in a brief pulse. To test whether sustained production of force (as is typical in most strength training protocols) also contributes to adaptation, a second training condition involved a ballistic pulse to reach MVC followed by a sustained maximal contraction (i.e., for 2 s). Finally, to establish whether a ballistic contractile component is obligatory to induce changes in TMSevoked twitch direction, the responses to a training protocol that required a slow ramp in force up to a sustained MVC were examined. This third protocol more closely resembles "traditional" strength training protocols that are known to result in large strength gains (e.g., 1, 32).
METHODS

Subjects.
Fourteen healthy volunteers (12 men, 2 women) with a mean age of 28.1 Ϯ 6.6 yr and without a history of neurological disease or previous strength training experience specifically for the wrist muscles were recruited to participate in the experiment. Data from two volunteers were excluded from the analysis due to the presence of inadvertent muscle activity during TMS testing in all three sessions. The data recorded during one of the three sessions were also excluded from analysis for the same reason for a further three participants (N.B., the inadvertent activity was present in a different session for each of these participants). All participants took part in all three strength training sessions and served as their own control in a crossover, counterbalanced order. The three strength training sessions were ballistic sustained contraction (BSC), ballistic contraction (BC), and slow sustained contraction (SSC). All participants provided their written informed consent to the procedures, which conformed to the Declaration of Helsinki. The protocol was approved by The University of Queensland Medical Research Ethics Committee.
Setup and force measurement. The setup was similar to that described by Lee and Carroll (31) and de Rugy and Carroll (14) . The participants were seated on a comfortable, height-adjustable chair with the right arm immobilized in a custom-made device (See Fig. 1 ).
The hand was padded with a polyurethane foam strap (0.3 cm thick) at the metacarpophalangeal joint and silicone rubber foam strap (0.6 cm thick) at the wrist joint. Each joint was secured with eight adjustable surface clamps that prevented motion in all directions. Radial and ulnar deviation forces and flexion and extension force at the wrist were measured via a 6-degrees of freedom (df) force transducer (JR3 45E15A-I63-A400N60S, Woodland CA) that was coupled to the device.
Surface EMG recordings. Surface EMG was recorded from wrist flexors [flexor carpi radialis (FCR) and flexor carpi ulnaris (FCU)] and wrist extensors [extensor carpi radialis brevis (ECRb) and extensor carpi ulnaris (ECU)]. All muscles were located using manual muscle testing at recommended sites (38, 39) . ECRb muscle location was ϳ45% of the length of the radius as measured from the styloid process (31, 40) . FCR muscle location was approximately 8 -9 cm from the medial epicondyle (31), FCU (approximately 5-6 cm from the midpoint between the medial epicondyle and the olecranon) and ECU (approximately 9 -10 cm from olecranon). The bipolar Ag/AgCl surface electrodes (24 mm diameter) were attached to the skin over the belly of the muscles with an interelectrode distance of 2 cm (center to center). EMG signals were band-pass filtered (10 -1,000 Hz) and amplified (gain: 100) with Grass P511 amplifiers (Grass Instruments, AstroMed, West Warwick, RI).
Motor nerve stimulation. The force of twitches and amplitude of maximum compound muscle action potentials (Mmax) evoked at rest by electrical stimulation of the medial, radial, and ulnar nerves was measured. A digitimer constant-current stimulator (model DS7A) and a bipolar felt-pad electrode (interelectrode distance ϭ 2.5 cm; cathode distal) was used to deliver a single electrical stimulus (duration 200 s) to each nerve at recommended sites (38) . The stimulation site of the radial nerve was approximately at the spiral groove of the humerus, the median nerve was located approximately medial to the brachial artery and biceps tendon, and the location of the ulnar nerve was posterior to the midpoint between the olecranon and the medial epicondyle of the humerus. The stimulation intensity was held constant throughout the experiment at Ͼ140% of the intensity needed to elicit Mmax at rest prior to training (stimulation intensity between 35 and 80 mA). This intensity is used to account for the effects of activity-dependent axonal hyperpolarization (4, 46) .
TMS. Twitch force data and motor evoked potentials (MEPs) were elicited by TMS using a magstim 200 2 magnetic stimulator (Magstim) and figure-of-eight coil (70 mm outside diameter of each loop). The coil was orientated at 45°to the sagittal plane with the handle toward the back of the head (i.e., resulting in posterior to anterior current flow in the cortex) and maneuvered over the wrist muscle representation to identify the site that resulted in the strongest evoked twitches in the most consistent direction. The position of the coil was then marked on the scalp with a nonpermanent marker. A resting motor threshold was determined as the lowest stimulator intensity to elicit MEPs (Ͼ50 V) in at least three of five trials in the forearm muscle that was identified as the prime mover in the direction of the identified twitches. Subsequently the stimulator intensity that produced consistent and reproducible twitch amplitudes of ϳ1 N was determined. This intensity was held constant throughout the experiment. Once the coil location and stimulation intensity were established, visual feedback of twitch direction was occluded from the experimenter and subject throughout data collection.
Experimental design and data collection. The experiment was designed to examine if MEP amplitude, or the direction or magnitude of twitches evoked by TMS, changed as a consequence of each of the three training protocols. To account for potential muscle-level contributions to the TMS results, the force and direction of twitches evoked by motor nerve stimulation, and the maximal M wave were also measured. Resting MEP, Mmax, and twitch force data were sampled at 10,000 Hz with a 16-bit National Instruments A/D board operated by a computer running custom-written Labview program (LabVIEW, version 8.2.1; National Instrument). All data were analyzed offline using a custom-written Labview program. All trials that were contaminated by background EMG prior to a TMS pulse were removed. On this basis, the results from two subjects were excluded from group analysis because a large proportion of data was found to contain background EMG. In addition, one session from each training condition was also excluded for three additional subjects for the same reason. At pretraining, two sets of 10 TMS pulses (Pre1, Pre2) followed by one set of 20 TMS pulses (Pre3) were delivered (40 pulses in total; 1-min interval between sets) to monitor the baseline consistency of the induced twitch force data and the site of stimulation. As no significant main effects between sets were found, the data from the three pretraining sets were pooled to make up the baseline dataset for the main analysis. At posttraining, five sets (20 sweeps each set) of TMS pulses were delivered at intervals of 5 min for a duration of 20 min (Post1, Post2, Post3, Post4, Post5). The first set of data was collected 2 min after the completion of training to avoid the period when muscle effects are largest [i.e., postactivation facilitation of MEPs and postactivation potentiation or fatigue of muscle twitches (33, 35) ]. The interval between TMS pulses varied randomly between 5 and 7 s in all sets. Mmax and twitches evoked by supramaximal motor nerve stimulation were measured before training (Pre), 4 min after training (i.e., immediately following the first posttraining TMS trial, Post1), and 25 min after training (i.e., immediately following the final TMS trial, Post2). Motor nerve stimulation data from one subject were removed from analysis because there was evidence of a spread in stimulus current to a nontarget nerve that would confound interpretation of the induced twitch. A schematic representation of the experimental design is shown in Fig. 2 .
The twitch force resultant vectors (direction and magnitude; see Fig. 3C ) induced by TMS and motor nerve stimulation for each trial were determined from the first peak torque produced in the two main movement planes, horizontal (extension and flexion) and vertical (radial and ulnar deviation) (see Fig. 3, A-C) . The means were calculated for each time point and normalized to baseline using trigonometry calculations. The changes in angle of the twitch force direction toward the training direction from baseline were first calculated and then converted to a percentage change (i.e., 0% change ϭ no change in direction from baseline; 100% change ϭ training direction). Changes in twitch force magnitude from baseline were also calculated and converted to a percentage (i.e., 0% ϭ baseline magnitude; 100% ϭ 2ϫ baseline magnitude). The muscle from which MEP and Mmax data were taken for group analysis was determined as that which had a preferred direction (i.e., the direction in which EMG activity was greatest for a given level of force; Ref. 14) nearest to the training direction. The MEP size used was first normalized to the corresponding Mmax amplitude (i.e., from the same muscle, at the closest measurement time). Both MEPs and Mmax amplitudes were then normalized to baseline (i.e., 0% ϭ baseline data; 100% ϭ 2ϫ baseline data).
Training protocols. The single-session training protocols for the wrist muscles were conducted using the same device that was used for recording evoked twitches. The wrist and hand restraints were not modified during a session, so that the arm position was identical for pre-and posttraining measurements on each day. All subjects were required to train in a direction 90°away from the baseline TMSevoked twitch direction in the same half of the work space relative to the sagittal plane (for example, TMS-evoked twitch direction: extension/ulnar deviation, training direction: extension/radial deviation, see Fig. 3C ). This training direction was however specified differently from previous studies (5, 13, 27, 30) (i.e., 90°vs. 180°away from baseline TMS-evoked twitch direction). This distance was selected so that the training direction would recruit some of the muscles that contributed to the baseline TMS-evoked twitch. Given the anatomic arrangement and tuning curves of the major wrist muscles, a contribution from the muscles that dominated the initial TMS-evoked twitch was predicted to training directions 90°away (see 14) .The subjects performed four sets of 10 contractions with audio and visual feedback to assist them in performing each task as instructed. The visual feedback was provided on a computer monitor positioned ϳ1.5 m from the head at eye level. A reference white line from the origin to the edge of a two-dimensional (X-Y) plot provided the subjects with the training direction. In addition, online feedback of the contraction force produced by the subject (magnitude and direction) was displayed as a red line from the origin to the current force value. In the BC task, the subjects were required to increase torque as fast and hard as possible and then immediately relax. A brief tone was used as a cue to signal each effort (frequency ϭ 400 Hz, duration ϭ 0.5 s). In the BSC task, the subjects were required to contract as fast and hard as possible and sustain a maximum isometric voluntary contraction (MIVC) for 2 s before relaxing. A brief tone was used to signal the rapid force production (frequency ϭ 400 Hz, duration ϭ 0.25 s), which was followed by a continuous tone of 2 s duration (frequency ϭ 900 Hz). In the SSC task the subjects were required to perform a slow ramp contraction to MIVC over a period of 2 s (signaled by a tone with linearly increasing frequency from 400 to 670 Hz) and then sustain the contraction for a further 2 s before relaxing (signaled by a continuous tone of 2 s duration, frequency ϭ 1.2 kHz). There was a rest period of 2 s between each contraction and a 3-min rest period between sets. A minimum of 1 wk elapsed between each of the training protocols for each subject.
Statistical analysis. Because of the wide variety in baseline evokedtwitch direction and training direction across participants and sessions, it was necessary to normalize all responses to the baseline of each session to make meaningful group comparisons. Thus, to establish whether posttraining means differed from baseline for each training condition, single mean t-tests against 0 were used (i.e., mean of each normalized posttraining set value vs. baseline value normalized to 0; n ϭ 11 for each session). To make between-task inferences about the time course of any changes in posttraining means relative to baseline, two-way repeated-measures ANOVA (training task ϫ measurement time) were also used (n ϭ 9). In addition, a two-way repeated-measures ANOVA [training task ϫ difference between pretraining sets (Pre2 Ϫ Pre1; Pre3 Ϫ Pre1; and Pre3 Ϫ Pre2)] was used to detect if pretraining sets were different from each other for the different training tasks. Bonferroni post hoc tests were used to explore the origins of any significant main or interaction effects. Alpha was set at P ϭ 0.05.
RESULTS
Twitch force direction and magnitude induced by TMS.
Neither the mean amplitude nor direction of TMS-induced twitches from the three sets taken before training differed from each other for any of the three training tasks. This was supported by a two-way repeated-measures ANOVA (training tasks ϫ difference between pretraining sets), which revealed no significant interaction between factors for both twitch force direction and magnitude (both, F 4,32 Ͻ 2.19 and P Ͼ 0.09) and also no main effects of training task (both, F 2,16 Ͻ 1.99 and P Ͼ 0.17) or set (both, F 2,16 Ͻ 0.96 and P Ͼ 0.40). Figure 4 , A, B, and C, provides a descriptive display of the pretraining resultant vectors for all three training tasks.
Immediately after each of the three training protocols, TMSinduced twitch force vectors shifted toward the training direction but then gradually shifted back toward pretraining direction after each training task. Figure 4 , D, E, and F, provides a descriptive display of the changes in relation to the different strength training programs at posttraining, respectively. TMSinduced twitch force direction was found to have significantly shifted from baseline toward the training direction for BSC at Post1, Post2, Post3, Post4, and Post5 (all t 10 Ͼ 2.31, all P Ͻ 0.05), BC at Post1 and Post2 (both t 10 Ͼ 2.48, both P Ͻ 0.05) and SSC at Post1, Post2, Post3 and Post4 (all t 10 Ͼ 2.53, all P Ͻ 0.05; Fig. 5 ). There was no interaction between training task and measurement time (F 8,64 ϭ 2.91 and P ϭ 0.97). However there was a main effect of training task (F 2,16 ϭ 4.88 and P Ͻ 0.05) and of measurement time (F 4,32 ϭ 3.44 and P Ͻ 0.05). Post hoc testing showed that changes in twitch direction measured as the resultant force vector angle (cf. Fig. 3C ) for the BSC condition were significantly greater than for the BC training task, P Ͻ 0.05. There was also a significant difference in twitch direction between Post1 and Post5 (P Ͻ 0.05) across groups. With regard to TMS-induced twitch force magnitude, there was a significant increase in magnitude from baseline at Post2 in the BC training task and at Post2 and Post4 in the SSC training task (t 10 Ͼ 2.71, P Ͻ 0.05; Fig. 6 ). There was no interaction of training task and measurement time (F 8,64 ϭ 0.46 and P ϭ 0.88) nor any main effect found between training tasks and between measurement times.
Twitch force direction and magnitude induced by motor nerve stimulation. There were no large or consistent changes in the direction of twitches evoked by nerve stimulation. On average Post1 and Post2 shifted 3.1 Ϯ 9.3°and 1.0 Ϯ 10.7°for BSC training task and 2.4 Ϯ 3.7 o and 1.5 Ϯ 4.3°for BC training task toward the training direction and 0.4 Ϯ 9.4°and 0.5 Ϯ 11.8°for SSC training task away from the training direction. None of the changes were significantly different from Pre direction (all t 9 Ͻ 1.92, all P Ͼ 0.08). Two-way repeated-measures ANOVA also revealed neither any main effect of training task (F 2,14 ϭ 0.06 and P ϭ 0.94), measurement time (F 1,7 ϭ 0.18 and P ϭ 0.69), nor had any interaction (F 2,14 ϭ 0.46 and P ϭ 0.64) occurred. However, there was a trend toward an increase in twitch force magnitude at Post1 (immediately posttraining) for BSC (14.3 Ϯ 21.4%), for BC (6.6 Ϯ 18.0%), and for SSC (6.1 Ϯ 30.2%) (all t 9 between 0.64 and 2.12, all P between 0.06 and 0.54) and a trend toward a decrease at Post2 (25 min following posttraining) for BSC (Ϫ9.8 Ϯ 14.9%), for BC (Ϫ9.0 Ϯ 16.3%), and for SSC (Ϫ10.6 Ϯ 17.0%) (all t 9 between Ϫ2.07 and Ϫ1.75, all P between 0.07 and 0.11) from Pre. There was also a main effect of measurement time (F 1,7 ϭ 11.11 and P Ͻ 0.05) when analyzed with two-way repeated-measures ANOVA. Post hoc test revealed a significant difference between Post1 and Post2, P Ͻ 0.05 (See Fig. 7) . However, there was no main effect of training task (F 2,14 ϭ 0.37 and P ϭ 0.70) nor a significant interaction (F 1,7 ϭ 1.39 and P ϭ 0.28).
Mmax and MEP responses. Mmax amplitudes after training were not significantly different from baseline (all t 10 Ͻ 0.85, all P Ͼ 0.07), thus eliminating the possibility that muscle membrane effects influenced the MEP results. Mmax amplitudes were also found to be consistent between groups and over time as there were no interactions between training task and measurement time (F 2,16 ϭ 1.86 and P ϭ 0.19) and no main effect of task (F 2,16 ϭ 0.81 and P ϭ 0.46) or measurement time (F 1,8 ϭ 1.43 and P ϭ 0.27). There were also no significant changes in MEP amplitudes normalized to Mmax relative to baseline (all t 10 Ͻ 0.96, all P Ͼ 0.13). When compared between groups and over time there was also no interaction between training task and measurement time (F 8,64 ϭ 1.21 and P ϭ 0.31) and no main effect of task (F 2,16 ϭ 
DISCUSSION
In the present study, we examined whether a single session of strength training induces similar corticospinal changes to those found in the early phase of ballistic motor learning. In addition, we sought to determine which behavioral details of training are critical for this type of adaptation. Our main findings were that the direction of TMS-induced twitch force vectors shifted toward the training direction immediately after training for all three training protocols, each with different contraction duration and rate of force development characteristics, and subsequently moved back toward the original direction over the next 25 min. However, the magnitude of the change in TMS-evoked twitch direction differed for the three protocols. This demonstrates that training tasks that resemble strength training in terms of volume, organization, and contractile characteristics induce short-term adaptations at sites between the point of stimulation at the motor cortex and the muscle. There was also a nonsignificant trend toward an increase in the amplitude of twitches evoked by motor nerve stimulation relative to baseline immediately after training and a trend toward a reduction in twitch amplitude evoked by nerve stimulation relative to baseline by the end of data collection (25 min posttraining). Although the changes were not statistically reliable, the data suggest that small changes in the contractile properties in the muscles cannot be ruled out. In addition, the amplitude of twitches evoked by motor nerve stimulation after training was significantly reduced from immediately after training to the end of data collection. This implies that changes at the muscle level might have contributed to the shifts in TMS-induced twitch force direction. However, peripheral changes in the muscle cannot completely account for the TMS-induced twitch results since similar trends in twitch responses to nerve stimulation were observed for all of the training tasks, whereas the magnitude and time course of the shift in TMS-induced twitch force direction differed between tasks. Furthermore, the direction of the TMS-induced twitch force maintained a shift toward the training direction just prior to the final nerve stimulation trial for the ballistic-sustained training task, while at the same time point the nerve stimulation evoked response was reduced relative to baseline. There were also no changes in nerve stimulus-evoked twitch directions toward the training direction in any training task. Thus, although a small contribution from muscle adaptation might have been present in the present study, we attribute the shift in TMS-induced twitch force direction largely to neural adaptation.
The task that involved both ballistic force production and sustained maximal contraction induced the longest lasting change in TMS-evoked twitch direction (at least 25 min), whereas the training task that involved a brief ballistic force pulse resulted in the shortest lasting effect. Both these training tasks share a similar characteristic in that a maximum rate of force development was produced to reach MVC. This characteristic was shown to be sufficient in inducing a change to the twitch direction. Still, an additional training characteristic of sustained maximum contraction was able to produce a larger and longer lasting change to the TMS-induced twitch direction. Thus we proposed that the additional maximum sustained contraction that required sustained voluntary drive may have enhanced the strength of the mechanisms involved in the change in TMS-induced twitch force direction.
The shift in direction was also found to occur in the slow ramp to MVC followed by a sustained maximum contraction training task. This shows that a ballistic contraction is not essential to induce a shift in TMS-induced twitch force direction. However, to produce this effect a high-force contraction seems to be necessary if a ballistic movement is not produced. This conclusion follows from comparison between the results of this present study and previous results showing no directional changes occurring with 30 min of tonic isometric contraction at 10% of maximum voluntary force (13) . Nevertheless, the effects found in the slow ramp to MVC followed by a sustained maximum contraction training task (SSC) were smaller than the ballistic force production followed by sustained maximal contraction training task (BSC). The ballistic component that has the potential to increase the rate of force development may also produce stronger (short-term) neural effects.
The directional changes found in the present study were similar qualitatively to those found in the simple repetitive ballistic thumb movement task (5, 13, 27, 30) , although a complete shift toward the training direction was not seen in the present study. This outcome might be attributed to the purpose and design of this experiment as well as the relatively more proximal forearm muscles used in this study. First, the training direction was specified differently as we aimed to train in a direction that required the recruitment of some of the muscles that were recruited during baseline TMS-induced twitches. The purpose of this was to search for evidence of reweighting of connectivity among synergists that could possibly underlie increased strength. Therefore, a complete shift in TMS-induced twitches toward the training direction was not expected. Second, the total number of repetitions produced in this present study was far less than those commonly used to induce strong training effects (13) and is similar to typical strength training. Nevertheless the number of repetitions used in all three types of training protocols was sufficient to induce a change. Finally, it has been shown that stronger training effects were found in the more distal hand muscle group compared with the relatively more proximal forearm muscles used in this study (30) . As proposed by Krutky and Perreault (30) , this effect might be attributed to the fewer monosynaptic connections found between motor cortical axons and motoneurons in relatively more proximal forearm muscle groups compared with distal hand muscle groups (36) .
Regardless, this study provides evidence of early neural adaptation to strength training and the adaptation appears to share similar characteristics to those found in some forms of motor learning. The present data complement evidence that the application of a low-frequency repetitive TMS (rTMS) protocol that is known to induce corticospinal inhibition and that impairs some of the behavioral outcomes of motor learning was also found to diminish strength gains when applied to the motor cortex after every session in a 4-wk strength training program (25) . The application of rTMS may have interfered with the early neural changes produced by each session of training.
While it is possible that simple, activity-dependent changes in neuromuscular function (21, 22) could have contributed to the results of the present study, the neural changes reported here share many similarities with those known to contribute to some forms of motor learning. The change in the net responses induced by TMS toward the trained direction might reflect a re-weighting of connectivity among agonist, synergists, and antagonist muscles relevant to force production in the desired direction. The strengthening of connections that favor the training direction may also influence the way muscles are recruited and thus impact muscle coordination (an outcome associated with motor learning). The changes in TMS-evoked twitch direction shown in the present study might contribute to strength gains over time and produce more long lasting changes in TMS-evoked twitch direction toward the training direction (e.g., 32).
Mechanisms of adaptation. TMS-induced movement direction at a particular joint is dependent on the net excitability of the corticomotoneuronal pathway projecting to all the muscles contributing joint torque, and the contractile properties of the muscles. We have argued above that adaptations within the muscles are unlikely to fully account for our findings. Therefore at least part of the shift in TMS-induced movement direction toward the training direction was the result of an adaptation to training occurring at one or more sites along the corticomotoneuronal pathway projecting to one or more of the muscles involved. It has previously been proposed that the shift in TMS-induced movement direction toward the training direction after a simple repetitive thumb movement occurred due to the adaptation in the cortical network that encodes details of the movement direction level (13). This conclusion was made based on the significantly larger shift in TMS-induced movement direction toward the training direction when compared with transcranial electrical stimulation (TES)-induced movement direction. TMS evokes a transsynaptic excitation response that occurs at the cortical level while TES evokes predominantly a direct stimulation to the axon of the corticospinal tract that has a shorter latency and is attributed to the subcortical level (16) . Comparisons of these two types of stimulation methods can therefore be used to identify if an adaptation had occurred at the cortical or subcortical level. Converging evidence from pharmacological studies suggests that the mechanisms involved in this adaptation are common to those found in the motor cortex (5) . Nevertheless the possibility that these pharmacological mechanisms could also be involved at the subcortical level has yet to be tested (5) . Furthermore, it is possible that some of the subcortical effects implied by the change in TES-evoked twitch direction might have been mediated at the muscle level. Thus the possibility of adaptation occurring at the subcortical level in the present study cannot be discounted. Future experiments could compare between TMS and cervicomedullary stimulation (CMS), a more robust test to identify the site of adaptation (44, 45) while also taking into account muscle contribution.
Finally, it is possible that LTP underlies the shift in TMSinduced twitch force direction in the present study. LTP has since been proposed as the candidate mechanism in many forms of motor learning (e.g., 29, [41] [42] [43] and it involves the strengthening of synapses along the corticospinal pathway and may have favored the training pathway. LTP was also suggested as the underlying mechanism responsible for the shift in TMS-induced movement direction toward the training direction after a simple repetitive thumb movement on the basis of pharmacological evidence (5) . Thus inhibition of the N-methyl-D-aspartate (NMDA) receptors and facilitation of ␥-aminobutyric acid (GABA) A receptors prevented the shift in TMSinduced movement to the training direction (5) . LTP is mediated by the NMDA receptor and is facilitated by the inhibition of GABA A receptor (5, 50) . However, drugs that do not affect LTP had no impact on the shift in TMS-induced movement. Therefore, future pharmacological or rTMS studies could be used to address this possibility in the context of strength training.
Conclusion. We showed that a single session of strength training shares similar neural mechanisms to ballistic motor learning by providing evidence of a shift in TMS-induced twitch force direction toward the training direction. We also provided evidence that the changes that occurred were at least partly due to neural adaptation by assessing muscle responses to motor nerve stimulation. Finally, we showed that "typical" strength training involving sustained maximal force production is sufficient to induce change; however, the strongest early neural effects were observed when both ballistic and maximum sustained force were produced.
